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ABSTRACT: Infrared (IR) and far-infrared studies were performed for the binary blends of sodium and
zinc salt ionomers of poly(ethylene-co-methacrylic acid) (EMAA), which are known to show a dramatic
improvement of small strain moduli (e.g., stiffness) compared with the two component salts. The IR spectra
of the blends showed a new asymmetric carboxylate stretching band at 1569 cm-1, which is assigned to
carboxylate groups bridging sodium and zinc cations. When temperature was raised, the bandwidth began
to increase at around 310 K, just below a transition temperature (Ti ) ca. 325 K) observed by DSC and
far below the melting of polyethylene crystalline region (Tm ) ca. 360 K); this increase was almost linear
with temperature and continued to 403 K above Tm, reflecting the increased distribution of the states of
the bridging mode with temperature. These results are explained by a structural transition of ionic
aggregates at Ti in EMAA ionomers, which was proposed in our previous publications.

Introduction
Ionomers are ion-containing polymers containing

typically hydrophobic backbones and a relatively small
amount of ionic groups such as carboxylic, sulfonic, and
phosphoric acids, etc., where the acid groups are par-
tially or fully neutralized with metal cations. Extensive
research on the microstructure of ionomers has been
done over the past three decades, and it has been shown
that ionic groups tend to form microphase-separated
ionic aggregates, called multiplets, ionic clusters, or
ionic domains, which are crucial for the unique physi-
cochemical properties of ionomers.1-4 Although many
types of ionomers have been developed to date, ethylene
ionomers produced from poly(ethylene-co-methacrylic
acid) (EMAA) and perfluorinated ionomers known as
Nafion and Flemion are commercially very important
because of their useful applications.

The technology of blending two ethylene ionomers
neutralized with different metal cations has been prac-
ticed for years in some industrial applications5 because
such ionomer blends intensify and/or modify greatly
their characteristic properties such as stiffness, yield
strength, and moisture absorption. Therefore, it is
worthwhile clarifying the mechanism of the effect of
blending two metal cation ionomers on their microstruc-
ture and properties. Until recently, however, there were
no systematic studies that focus on this interesting
phenomenon, and this was one reason we initiated our
studies on blending two metal cation ionomers. In our
previous studies,6 we examined binary blends selected
from Li, Na, Mg, Cu(II), and Zn(II) salts of EMAA, by
use of stiffness, tensile strength, dynamic mechanical
measurements, differential scanning calorimetry (DSC),
and infrared (IR) spectroscopy. These studies revealed

that the binary blends unexpectedly give higher small-
strain moduli such as stiffness and yield stress, if
cations are selected from different metal groups such
as alkali, alkaline-earth, and transition metals. In the
binary blends of sodium and zinc salt ionomers, the DSC
and IR studies suggest the formation of a new structure
in the ionic aggregates, which consists of a conjugated
binary metal salts containing sodium and zinc carboxy-
lates, and unneutralized carboxylic acid, and this for-
mation is considered to be responsible for the enhance-
ment of small-strain moduli.

The DSC thermogram for the sodium-zinc mixed
ionomers shows two endothermic peaks near 325 and
360 K on heating after aging at room temperature for
more than several days. This result is essentially
identical with that for other EMAA ionomers neutral-
ized with single cations, and the higher temperature
peak corresponds to the melting of polyethylene crystal-
line region (Tm), and on the basis of our proposed model,7
the lower one is assigned to a transition associated with
ionic aggregate regions (Ti). Unfortunately, the assign-
ment of the Ti transition is still a subject of debate,8
but the nature of the Ti transition is an important
problem because the viscoelastic properties of EMAA
ionomers drastically change at Ti and, moreover, some
mechanical properties such as stiffness at room tem-
perature are strongly correlated with the value of
transition enthalpy at Ti.9

IR or far-IR spectroscopy is a useful technique to
investigate the local environments of ionic groups in
ionomers,10 and in EMAA ionomers, the bands due to
the asymmetric stretching vibrations of carboxylate
groups (νas(COO-)) in the region 1650-1500 cm-1 can
be employed for this purpose.11-18 In the region below
400 cm-1, the bands due to cation-oxygen vibration in
the cation-carboxylate complexes are also interesting
because of their sensitivity to ionic aggregations.19-21
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The present paper reports IR and far-IR spectroscopic
studies of the sodium-zinc mixed ionomers mentioned
above, especially concentrating on a new νas(COO-)
band at 1569 cm-1, which is absent for individual
ionomers and is therefore assigned to carboxylate
groups bridging sodium and zinc cations. Temperature-
dependent IR studies were carried out over a temper-
ature range from room temperature to 130 °C (403 K).
The results demonstrate that the transition at Ti
changes the dynamical states of the bridging carboxy-
late groups in the ionic aggregates, which supports the
ionic aggregate transition model of EMAA ionomers.7
Selected preliminary results have been presented.22

Experimental Section
Materials. The precursor EMAA resin is a random copoly-

mer of ethylene and methacrylic acid (MAA), and the MAA
content is 5.4 mol %. Sodium-zinc mixed ionomers of EMAA
were prepared according to the method reported previously.6
In the present paper, the samples are denoted as EMAA-
0.3Na/EMAA-0.6Zn (x/y w/w), where 0.3Na and 0.6Zn indicate
that the neutralizations with sodium and zinc are 30% and
60%, respectively, and x/y is the blend ratio of two cation
ionomers, which is equal to the molar ratio of sodium to zinc
ions in the blend. DSC experiments at a rate of 10 K/min for
EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w) showed Ti at 326 K
(on the first heating for an aged compression-molded sample)
and Tm at 364 K.6

Measurements. The 10-30-µm-thick films for IR analysis
were prepared by compression-molding at 5 MPa and 453 K,
and stored at room temperature in a vacuum desiccator for
3-4 weeks. IR spectra at elevated temperatures were mea-
sured for EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w) using a
Perkin-Elmer 1640 FT-IR spectrometer, equipped by a heated
cell (S.T. Japan, type 0019-201) and a temperature controller
(S.T. Japan, type 0019-200). Each trace represents the
average of 64 scans at a resolution of 4 cm-1. Digital encoding
of the spectral data was carried out at 2 cm-1 intervals,
transferred into an EPSON PC-486GR personal computer for
further calculations described below: The baseline of each
spectrum was assumed to be a line through two minimum
points, one in the region 500-1700 cm-1 and the other in the
region 1700-2000 cm-1. After the baseline subtraction, the
spectrum was resolved in the region 1522-1796 cm-1 with a
modified version of the curve-fitting program originally de-
veloped by Minami23 as a BASIC program. The program
includes Davidon-Fletcher-Powell optimization routine,24 and
each absorption peak was given by a Gauss-Lorentz func-
tion25,26 as

where ν0 (peak frequency), H (peak intensity at ν0), W1 (half-
bandwidth at half-maximum in Gaussian component), and W2

(half-bandwidth at half-maximum in Lorentzian component)
are adjustable parameters.

Far-infrared (far-IR) spectra were measured with a Perkin-
Elmer system 2000 FT-IR spectrometer at room temperature,
using a homemade sample holder to eliminate the influence
of water vibrations. The film thickness was about 300 µm, and
1024 scans at a resolution of 4 cm-1 were signal averaged.

X-ray scattering measurements were carried out using about
0.5-mm-thick sheets with a Mac Science X-ray diffraction
system MXP3 at the Instrument Center, Institute for Molecular
Science, Okazaki, Japan. The instrument was operated with
a copper target at a 50-kV accelerating potential and 40-mA
emission current. The Cu KR radiation (λ ) 1.540 50 Å) was
selected with a graphite monochromator. Samples were scanned
at 2.0° min-1 at room temperature.

Results and Discussion
X-ray Scattering. Figure 1 shows the X-ray scatter-

ing patterns in the low-angle region for EMAA-0.3Na,
EMAA-0.6Zn, and the blends. All samples show a

single broad peak at around 2θ ) 5°. This peak is called
an ionic peak and the origin is the aggregation of ionic
groups such as -COONa and -COOZn1/2 in these
ionomers.3,4 Interestingly, EMAA-0.3Na/EMAA-0.6Zn
(75/25 w/w) shows a sharper peak than the other three,
and that peak is much larger than the linear combina-
tion of two ionic peaks of EMAA-0.3Na and EMAA-
0.6Zn with a ratio of 75/25. These results suggest that
in EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w), sodium and
zinc cations are mixed at the molecular level to form
ionic aggregates and that the ionic aggregation is higher
than expected for a simple mixing of EMAA-0.3Na and
EMAA-0.6Zn.

IR Spectra and Peak Assignment. Figure 2 shows
the IR spectra of EMAA-0.3Na/EMAA-0.6Zn blends
in the region from 1500 to 1650 cm-1, which is associ-
ated with the asymmetric stretching vibration region
of carboxylate group (νas(COO-)). The νas(COO-) bands
of EMAA-0.6Zn consist of a strong peak at 1585 cm-1,
a small peak at 1620 cm-1, and two weak shoulder

F(ν) ) H exp[(-ln 2)((ν0 - ν)/W1)
2]/(1 + ((ν0 - ν)/W2)

2) (1)

Figure 1. X-ray scattering patterns in the small-angle region
for binary blends of EMAA-0.3Na and EMAA-0.6Zn.

Figure 2. Infrared spectra in the carboxylate asymmetric
stretching region for binary blends of EMAA-0.3Na and
EMAA-0.6Zn at room temperature. Each spectrum is normal-
ized with respect to the absorbance of the 1467 cm-1 band
because it is scarcely affected with neutralization.14
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peaks at 1560 and 1535 cm-1, as reported by Coleman
et al.,15 while those of EMAA-0.3Na show a very broad
peak centered at 1540 cm-1, with a tail in its high
wavenumber side. In two EMAA-0.3Na/EMAA-0.6Zn
blends, the contour of the νas(COO-) bands is very
different from the band shapes of the two neat ionomers;
the νas(COO-) bands have a peak at 1569 cm-1 with two
shoulder peaks at 1538 and 1616 cm-1. These differ-
ences reflect changes in the local environment of the
neutralizing cations with the blending, indicating that
EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w) forms a new
structure in the ionic aggregates; the new structure is
proposed to consist of a conjugated binary metal salts
containing sodium and zinc carboxylates and unneu-
tralized carboxylic acid, similar to solvated sodium zinc
acetate, Zn(CH3COO)2‚2Na(CH3COO)‚4CH3COOH.27

This conclusion was supported by other observations
that were fully discussed in ref 6:

(1) Small-strain moduli such as stiffness and yield
stress have shown a maximum around 75 wt % of
EMAA-0.3Na, and their values are much higher than
those of the neat ionomers. This effect of blending two
cation ionomers is explained by some drastic structural
changes in the ionic aggregates, because the structure
and cohesiveness of ionic aggregates strongly influence
small-strain moduli.

(2) Dynamic mechanical measurements have shown
that 50/50 w/w mixing of EMAA-0.3Na and EMAA-
0.6Zn moves a tan δ peak of the R relaxation to a
temperature 10 K higher than that of EMAA-0.3Na,
whereas EMAA-0.6Zn shows no R peak. The R relax-
ation reflects the motion of polymer chains attached to
the ionic aggregate region, and the higher-temperature
shift implies a promoted microphase separation of ionic
aggregate region from the amorphous region in the 50/
50 w/w blend.

(3) The moisture absorption at 50% relative humidity
was greatly reduced in the 50/50 w/w blend, compared
with that of EMAA-0.3Na, almost to the level of that
of EMAA-0.6Zn. This reduction allows us speculation
that the nature of ionic aggregates is changed by
blending two cation ionomers.

The tentative assignments of main IR peaks for
EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w) are summa-
rized in Table 1.

Far-IR Spectra. Figure 3 shows the far-IR spectra
of EMAA-0.3Na/EMAA-0.6Zn blends in the region
30-710 cm-1. EMAA-0.3Na shows a broad band at 216
cm-1, which is assigned to the Na-O vibration of the
Na+-carboxylate complex.19 With the addition of 25 w
% EMAA-0.6Zn, the corresponding peak is seen at 221
cm-1 with almost the same intensity. With a further
increase in the content of EMAA-0.6Zn, in EMAA-
0.3Na/EMAA-0.6Zn (50/50 w/w), this peak begins to
split into two peaks, a peak at 227 cm-1 and a shoulder
peak at around 160 cm-1, and into two well-defined
peaks at 245 and 142 cm-1 in EMAA-0.6Zn. In our
previous paper,21 the 245 and 142 cm-1 bands were
assigned to the vibrational modes of Zn(II) ions incor-
porated in the ionic aggregates and of isolated Zn(II)
ions, respectively. Therefore, the shoulder peak at
around 160 cm-1 is also related to the presence of
isolated cations in EMAA-0.3Na/EMAA-0.6Zn (50/50
w/w).

It is useful to plot the frequency (ν) of the cation-O
vibration vs the inverse square root of the cation mass
(1/xM), where M is the cation mass. Mattera and
Risen20 reported that in poly(styrene sulfonic acid)
ionomers the plots of ν vs 1/xM are almost linear for a
given group such as alkali or alkaline-earth metal, and
that the slope of the divalent cation salts is 1.6 times
larger than that for the monovalent cation salts. The

Table 1. Tentative Band Assignments for EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w)a

peak position, cm-1

293 K 403 K assignment (abbreviation)

n.o. 1750 CdO str vibr of free COOH (ν(CdO)free)
1699 1702 CdO str vibr of H-bonded COOH (ν(CdO)dimer)
1616 1611 COO- asym str vibr (νas(COO-))
1569 1564 COO- asym str vibr (νas(COO-))
1538 (sh) 1546 COO- asym str vibr (νas(COO-))
1467 1464 CH2 bend vibr from both cryst and amorphous regions (δ(CH2))
1407 1403 C-O str vibr of H-bonded COOH (ν(C-O)dimer) coupled with O-H in-plane bend +

COO- sym str vibr (νs(COO-))
1378 1379 CH3 sym def (δs(CH3))

∼1370 (sh) 1367 CH2 wag vibr from amorphous regions (w(CH2))
∼1300 (sh) ∼1300 (sh) CH2 twist vibr from amorphous regions (t(CH2)) + C-O str vibr of free

COOH (ν(C-O)free)
1260 1258 C-O str vibr of H-bonded COOH (ν(C-O)dimer) coupled with O-H in-plane bend

∼1180 (sh) ∼1190 (sh) C-O str vibr of H-bonded COOH (ν(C-O)dimer) coupled with O-H in-plane bend?
1096 1094 C-C skeletal str vibr from amorphous regions
940 (br) 930 (br) out-of-plane bend of H-bonded OH (γO-H)
730 (sh) n.o. CH2 rock vibr from cryst regions (r(CH2))
720 720 CH2 rock vibr from both cryst and amorphous regions (r(CH2))

a Key: n.o., not observed; sh, shoulder; br, broad; str, stretching; asym, asymmetric; sym, symmetric; bend, bending; cryst, crystalline;
def, deformation; wag, wagging; twist, twisting; rock, rocking.

Figure 3. Far-infrared spectra of binary blends of EMAA-
0.3Na and EMAA-0.6Zn at room temperature. Each spectrum
is normalized to the same film thickness of 300 µm.
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slope is regarded as a measure of the force constant (k)
of the cation-O vibration because ν ) x(k/M). The same
plots were made for EMAA-0.3Na/EMAA-0.6Zn blends,
where the cation mass of the two blends was assumed
to be a linear combination of two cation masses with
the blending ratio. The result showed that the value of
k is on the order of EMAA-0.3Na (1.0) < EMAA-0.3Na/
EMAA-0.6Zn (75/25 w/w) (1.5) < EMAA-0.3Na/EMAA-
0.6Zn (50/50 w/w) (2.1) < EMAA-0.6Zn (3.7), where the
values relative to that of EMAA-0.3Na are shown in
parentheses. Hence, the value of k increases almost
linearly with the content of EMAA-0.6Zn.

Another thing to note is in the region near 500 cm-1.
A strong band is seen at 529 cm-1 in EMAA-0.6Zn, and
EMAA-0.3Na shows a weak band at 536 cm-1. In the
two blends, however, the corresponding peak is signifi-
cantly suppressed. The assignment of these bands is not
completely clear, because the band at ∼530 cm-1 pos-
sibly contains a few vibrational modes. Stoilova et al.28

examined IR spectra of several metal(II) acetate hy-
drates and assigned the peak observed at ∼530 cm-1 to
out-of-plane COO- bending vibrations. They pointed out
that this peak is absent if the acetate ligand is bridged
or substantially reduced for bidentate acetate ligands.
Their criterion and our observations on EMAA-0.3Na/
EMAA-0.6Zn blends supported our conclusion that
some of the carboxylate groups are in the bridging
modes such as Na+-OCO--Zn2+.

IR Spectra at Elevated Temperatures. Figure 4
shows the IR spectra in the 1000-2000 cm-1 region,
taken at 10 K intervals from 293 to 403 K. First, a
strong peak at 1467 cm-1 decreases in intensity and
broadens with increasing temperature. This decrease
is notable above about 353 K. The 1467 cm-1 peak is
assigned to the CH2 bending vibrations (δ(CH2)) of
ethylene backbones in both crystalline and amorphous
regions,10,11 and therefore, the observed decrease is
clearly due to the melting of polyethylene crystalline
regions whose melting temperature (Tm) determined by
DSC is 364 K.

Second, the CdO stretching (ν(CdO)dimer) band at
1699 cm-1 12 decreases as temperature is raised, notably
above Tm. This decrease is accompanied by the appear-
ance of a new band at 1750 cm-1, which grows with
increasing temperature. An isosbestic point is seen at
1731 cm-1. The 1699 and 1750 cm-1 bands come from

hydrogen-bonded COOH dimers and free COOH mono-
mers, respectively, and the observed spectral change
indicates the dissociation of hydrogen-bonded COOH
dimers into the monomers with increasing temperature.

Third, the most interesting change is seen in the
region of 1500-1650 cm-1, where three overlapping
bands at 1616, 1569, and 1538 cm-1 are observed. When
the temperature is raised, the 1569 cm-1 band decreases
and the 1616 cm-1 band slightly increases. Since these
three bands are all assigned to COO- asymmetric
stretching vibrations (νas(COO-)), the observed spectral
changes may imply changes in the local environment
of the neutralizing cations with temperature. In the
inset, the peak intensity of the 1569 cm-1 band is plotted
as a function of temperature. The slope of the intensity-
temperature curve is initially small and at around Ti
()326 K) becomes steeper and at around Tm again
becomes small. Therefore, the 1569 cm-1 band changes
at two characteristic temperatures of this ionomer, Ti
and Tm. As mentioned above, Tm is the melting point of
the polyethylene crystalline region. The assignment of
Ti is still subject to debate, but Ti is probably the
softening temperature of the ionic aggregate region. The
fact that the rapid decrease starts at around Ti supports
that the transition at Ti is associated with some changes
inside the ionic aggregate region. Finally, it is noted that
the spectrum, including the νas(COO-) region, com-
pletely reverted to the original one when the sample was
cooled to 293 K after this experiment. This important
result will be discussed later in detail.

The temperature variation of the region 680-1000
cm-1 is shown in Figure 5. The broad band centered at
940 cm-1 at 293 K is assigned to the out-of-plane
bending vibrations of hydrogen-bonded OH (γO-H).11 As
temperature is increased, this band diminishes and
moves to a little bit lower wavenumber, and at 403 K,
it is only seen as a weak shoulder at 930 cm-1,
indicating that the hydrogen bonding is weakened with
increasing temperature. The dotted curve is the spec-
trum after cooling from 403 to 293 K and waiting for 2
h. This spectrum is identical with the original spectrum
before heating. Therefore, it is concluded that the
hydrogen bonding formed by COOH groups is almost
perfectly restored at 293 K after the heating and cooling
process.

In Figure 5, another prominent change with temper-
ature is seen at around 720 cm-1; as the temperature
is raised, the 720 cm-1 peak decreases, and concur-
rently, the shoulder peak at 730 cm-1 also decreases
and virtually disappears above Tm. As is well-known,
both 720 and 730 cm-1 peaks are associated with the
CH2 rocking vibrations (r(CH2)) of polyethylene

Figure 4. Infrared spectra in the region 1000-2000 cm-1 of
EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w), taken at 10 K
intervals from 293 to 403 K. Arrows indicate the variation in
peak intensity with temperature. Inset shows the peak inten-
sity of the 1569 cm-1 band as a function of temperature, where
the solid lines are a guide for the eye.

Figure 5. Infrared spectra in the region 680-1000 cm-1 of
EMAA-0.3Na/EMAA-0.6Zn (75/25 w/w), taken at 10 K
intervals from 293 to 403 K. Inset shows the peak intensity of
the 720 cm-1 band as a function of temperature.
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chains.11,29 The 730 cm-1 shoulder peak is from the
crystalline region and is assigned to the in-phase
vibrations for two chains in the unit cell. The 720 cm-1

peak, on the other hand, contains both crystalline and
amorphous components; the crystalline component is
assigned to the out-of-phase CH2 rocking vibrations for
two chains in the unit cell, and the amorphous one
arises from the CH2 rocking vibrations of chain seg-
ments in the trans conformation. As shown in the inset,
plotting the peak intensity of the 720 cm-1 band vs
temperature can provide us with some information on
the state of polyethylene chains in this ionomer. It is
very interesting that the decrease in the intensity starts
around room temperature, far below Tm. The slope of
the decrease becomes slightly steeper at around 340 K,
a little bit higher than Ti, but levels off at around 370
K over Tm. It is clear that such a decrease corresponds
to the melting process of the polyethylene crystalline
region, and it may be said that the potential melting
starts to occur around room temperature.

Band Resolution of the IR Spectra. The present
paper concentrates on the changes in the local environ-
ments of the Na/Zn carboxylate groups with tempera-
ture, and as clearly shown in Figure 4, the asymmetric
carboxylate stretching (νas(COO-)) band at 1569 cm-1,
attributable to carboxylate groups bridging sodium and
zinc cations, was changed with temperature. In other
words, the 1569 cm-1 band can act as a probe monitor-
ing the dynamics in the ionic aggregates with increasing
temperature. To get more quantitative information, it
is necessary to resolve the three overlapping bands in
the region 1650-1500 cm-1. Since the band at 1616
cm-1 seems to be severely overlapped by two bands at
1699 and 1569 cm-1, it is necessary to include the region
of 1800-1650 cm-1 for the calculation. Strictly speaking,
the same situation may be considered with the 1538
cm-1 band because this band is close to the strong band
at 1467 cm-1, but taking the region below 1500 cm-1

into consideration would make the calculation virtually
impossible. So, we treated the spectral pattern in the
region 1800-1500 cm-1.

Figure 6 shows the difference spectra obtained by
subtracting the spectrum at 293 K from the spectrum
at 343 and 403 K, respectively, where peak maximum
and minimum indicate, respectively, increasing and
decreasing peak intensity with increasing temperature
at designated wavenumbers. In the region 1800-1500
cm-1, there are observed seven peaks, two maxima at

1750 and 1612 cm-1 and five minima at 1714, 1698,
1665, 1570, and 1536 cm-1. Although it may be in
principle possible that this region contains IR bands of
constant intensities with temperature, we first started
the band resolution calculation by assuming the pres-
ence of seven IR bands at the designated wavenumbers
in Figure 6.

Figure 7 shows the computer-resolved spectra in the
region 1800-1500 cm-1 for EMAA-0.3Na/EMAA-
0.6Zn (75/25 w/w) at 293 K in (a) and at 403 K in (b).
One can see that at both temperatures the observed
pattern is well reproduced by the calculated spectrum.
The fitting for other temperautres was also very satis-
factory, and at all temperatures, the final root-mean-
square of the residual differences between the calculated
and experimental points over the range of 1796-1522
cm-1 was less than 3 × 10-3 in intensity units. On the
other hand, the variation in wavenumber of the resolved
peaks 1-7 with temperature was less than 4 cm-1,
which also indicates that these fittings are valid. Among
the seven peaks, peaks 1-4 are associated with carbonyl
CdO stretching (ν(CdO)) vibrations. The presence of
peak 4 is not apparent in the room-temperature spec-
trum (see Figure 4), but a similar band is observed in
this region in other EMAA ionomers such as the cobalt-
(II)16 or neodymium(III)17 salts, and assigned to the ν-
(CdO) band of cyclic dimers whose oxygen is coordi-
nated to metal cations. The same assignment is adopted
to peak 4. According to Ng and Shurvell25 and Tanaka
et al.,26 the assignment of peaks 1-3 is as follows: peak
1, free COOH; peak 2, linear COOH dimer; peak 3, cyclic
COOH dimer. Peaks 5-7 are assigned to COO- asym-
metric stretching vibrations. It is certain that peak 6
(termed the “1569 cm-1 band” in this paper) is assigned
to (or, more strictly speaking, peak 6 contains a com-
ponent of) carboxylates bridging between sodium and
zinc ions. At present, the detailed assignments of peaks

Figure 6. Difference spectra obtained by (a) subtracting the
spectrum at 293 K from the spectrum at 343 K (gray) and (b)
subtracting the spectrum at 293 K from the spectrum at 403
K (black), where peak maxima and minima indicate, respec-
tively, increasing and decreasing in peak intensity of the bands
at designated wavenumbers with increasing temperature.

Figure 7. Computer-resolved spectra of EMAA-0.3Na/EMAA-
0.6Zn (75/25 w/w) (a) at 293 K and (b) at 403 K, where thin,
dotted, and solid curves are observed spectrum, the sum of
seven component spectra, and component spectra, respectively.
Peak positions: at 293 K, 1752.8, 1710.3, 1698.5, 1670.6,
1616.7, 1570.2, and 1534.6 cm-1; at 403 K, 1750.2, 1707.9,
1700.7, 1667.8, 1616.1, 1569.2, and 1534.6 cm-1.
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5 and 7 (termed “1616 cm-1 band” and “1538 cm-1

band”, respectively) are not clear.30

Temperature Dependence of νas(COO-) Bands.
Figure 8 shows plots of integrated absorbances and
bandwidths (half-bandwidth) of three νas(COO-) com-
ponents vs temperature. In part a, the integrated
absorbance of the 1616 cm-1 band begins to decrease
at around Ti, and this decrease almost ceases at around
Tm. The 1538 cm-1 band shows a similar temperature
dependence. The magnitude of the decrease between Ti
and Tm was 19% for the 1616 cm-1 band and 17% for
the 1538 cm-1 band. The absorbance of the 1569 cm-1

band is, on the contrary, almost constant with temper-
ature. In part b, as temperature increases, the band-
width of the 1538 cm-1 band initially shows a constant
value, but above Tm, it slightly increases. That of the
1616 cm-1 band, on the other hand, begins to decrease
around Ti, but this decrease turns to a slight increase
above Tm. Although the detailed assignments of these
two bands are not clear, spectral changes occurring at
Ti indicate that the local environments of neutralizing
cations change at Ti. The notable change is seen in the
1569 cm-1 band. The bandwidth, which is 16.5 cm-1 at
293 K, begins to increase near 310 K, around Ti, and
after that, increases almost linearly with temperature.
This increase continues beyond Tm and up to 403 K, at
which the bandwidth of the 1569 cm-1 band is 24.8
cm-1, about a 50% increase from 293 K.

We focus attention on the temperature behavior of the
1569 cm-1 band. The broadening of the band with
increasing temperature reflects the increased distribu-
tion of the environments of carboxylate groups bridging
sodium and zinc cations with temperature. Since the
carboxylate groups are attached to the polyethylene
backbones, they may be sensitive to the thermal agita-
tion of the backbones. The thermal motions of backbone
are in general activated above its glass transition
temperature, Tg. The Tg for polyethylene backbone is
∼260 K, which was determined by dynamic mechanical
measurements.6 In EMAA ionomers, however, the ther-
mal motions are not fully activated even above Tg,
because ionic aggregates and polyethylene crystalline
regions still act as physical cross-links of the backbones.
From Figure 5, it was concluded that the potential
melting of the polyethylene crystalline region starts to
occur around room temperature, and the process would
promote thermal motions of the backbones. On the other
hand, the fact that increased distribution occurs above

Ti suggests that above Ti the state of the bridging
carboxylates is changed into the state more vulnerable
to the thermal agitation from the backbones to which
the carboxylate groups are attached. Therefore, the
result of Figure 8 gives us the following picture on the
transition at Ti. Above Ti, the ionic aggregates partly
lose their ability to restrain the mobility of chain
segments attached to them, and are transformed into a
“disordered” state, largely subject to thermal distur-
bance originating from the backbones. A similar inter-
pretation has been presented to explain the temperature
behaviors of ESR spin probes intercalated into the
water-swollen EMAA ionomers.31 The picture obtained
here is quite consistent with the ionic aggregate transi-
tion model of EMAA ionomers proposed by our research
group.7,32

Comparison with Related Measurements. In the
previous paper,6 it was shown that in EMAA-0.3Na/
EMAA-0.6Zn (75/25 w/w) the transition at Ti on DSC
is irreversible with temperature and the DSC Ti peak
disappears on heating immediately after cooling from
Tm but reappears on heating after aging at room
temperature for at least several days from the cooling.
On the contrary, as mentioned in the discussion in
Figure 4, the IR spectral change in the νas(COO-) bands
was reversible with temperature. This apparent dis-
crepancy is, however, reconciled by considering that
after cooling from Tm to room temperature, the reorga-
nization of disordered ionic aggregate region proceeds
at room temperature through two relaxational pro-
cesses, a faster process (F process) and a slower process
(S process), as pointed out in our previous papers.7b,16

A reordering of the first coordination shell around metal
cation would occur almost adiabatically (F process),
which is detected as a reversible IR spectral change.
This adiabatic change, however, would cause an imbal-
ance between the first coordination shell and its sur-
rounding portion, which relaxes toward a final equilib-
rium with much longer time, about 30 days at room
temperature (S process). Therefore, the discrepancy
between the IR and DSC measurements is associated
with the difference in distance scale between those two
measurements can detect.

Finally, it is noted that the IR νas(COO-) bands are
not always sensitive to the transition at Ti. For example,
the IR spectra of EMAA-0.6Na show a broad νas(COO-)
peak at 1550 cm-1 at 303 K, which only sharpens a little
bit when the temperature is raised to 392 K. EMAA-
0.6Cu shows a sharp peak for νas(COO-) at 1603 cm-1

at 303 K, and the intensity decreases only 2% with an
increase in temperature to 373 K.33 The DSC curves (10
K/min) of EMAA-0.6Na and EMAA-0.6Cu show Ti
peaks at 323 and 328 K, respectively. In the two
examples, the ionic nature of the COO-Na+ bond and a
relatively rigid dimer structure for Cu(II) carbox-
ylates34,35a are responsible for the less prominent tem-
perature dependence of the νas(COO-) bands; it is
theorized that the Ti transition does affect the dynami-
cal state of cations but their local environment including
symmetry around cation remains totally unchanged in
both ionomers. On the other hand, the νas(COO-) band
of EMAA-0.6Co shows a remarkable change with
increasing temperature, as reported previously, and this
spectral change was explained by the transformation
from octahedral to tetrahedral coordination in the Co-
(II) salts with temperature, where coordination of
oxygen atoms from unneutralized COOH groups and

Figure 8. (a) Integrated absorbances and (b) bandwidths of
three carboxylate asymmetric stretching bands as a function
of temperature. Ti and Tm are peak temperatures of a transi-
tion associated with ionic aggregate region and of melting of
the polyethylene crystalline region, respectively, determined
by DSC.6
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their detachment are responsible for the transfoma-
tion.16 In other words, the IR νas(COO-) bands can be a
probe for the transition at Ti, only if the coordination
structure contains a weak bond which is severely
influenced by the transition. In the sodium-zinc mixed
ionomers, the bridging modes of Na+-OCO--Zn2+

would be vulnerable to the thermal agitation from the
backbones, and thus the νas(COO-) band at 1569 cm-1

acts as a probe monitoring the dynamics of ionic
aggregates and their transition at Ti.

Blending two EMAA ionomers is a very important and
attractive subject from a technological point of view. The
IR studies have provided microscopic information about
how the ionic aggregates are formed and how the
formation results in the improvement in performance.
We are now exploring other combinations of the neu-
tralizing cations in EMAA ionomers to design the
desired ionomer properties, where IR spectroscopy will
be useful for the characterization, but as commented,30

it is also necessary to use the aid of other experimental
techniques, such as EXAFS, XANES, and ESR,31,35 for
better understanding.

Conclusions

In the binary blends of sodium- and zinc-salt EMAA
ionomers, the X-ray scattering results suggest that
sodium and zinc cations are mixed at the molecular level
to form ionic aggregates and that the formation is more
promoted than expected for a simple mixing of EMAA-
0.3Na and EMAA-0.6Zn. The IR spectra show a new
asymmetric carboxylate stretching (νas(COO-)) band at
1569 cm-1. This band, which is absent for individual
ionomers, is assigned to carboxylate groups bridging
sodium and zinc cations. In the far-IR spectra, the peak
at ∼530 cm-1, attributable to out-of-plane COO- bend-
ing vibrations, is substantially reduced in the sodium-
zinc mixed ionomers, which also supports the above
assignment of the 1569 cm-1 band. The 1569 cm-1 band
acts as a probe monitoring the dynamics in the ionic
aggregates with increasing temperature, and the ob-
tained temperature dependence provides information on
the transition at Ti. Above Ti, the ionic aggregates partly
lose their ability to restrain the mobility of chain
segments attached to them, and are transformed into
the “disordered” state, largely subject to thermal dis-
turbance originating from the backbones. This picture
is consistent with our model of the ionic aggregate
transition of EMAA ionomers.
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